ABSTRACT In this paper, as-extruded (∼ 1µm + ∼ 60 nm) bimodal size SiC particle (SiC p ) reinforced magnesium matrix composite was subjected to step-by-step tensile treatment. The microstructure evolution and fracture characteristic of the composites were investigated. The experimental results indicated that the dislocations were accumulated mainly around the particles. Meanwhile, dislocation density increased with the strain increasing from 0% to 2.6% and hence, improved the tensile strength of the composite. According to the observation of the fracture process for the composites, the twinning was observed (away from the ∼1µm SiC p ). The dominant microcrack nucleation easily occurred at the interface between ∼1µm SiCp(α-SiC p ) and Mg matrix due to the stress concentration (which was caused by large size particle and the polygonal morphology). However, a good interface bonding between nano SiCp (β-SiC p ) and matrix was indicated, and no microcracks were initiated around β-SiC p . The fracture features of the composite show that the existence of β-SiC p is helpful to improve the tensile properties, which is explained by the mechanisms such as the crack-propagation, obstruction, and crack blunting.
I. INTRODUCTION
Young's modulus, yield strength (0.2% YS) and ultimate tensile strength (UTS) of discontinuously particle reinforced magnesium matrix composites (DPMMCs) are improved significantly compared to the unreinforced monolithic matrix [1] , [2] . In other words, DPMMCs can better satisfy the property requirements of the structure application [3] . Currently, there has been a growing interest in using DPMMCs for the structural engineering parts due to their good mechanical properties in aerospace, defense and automobile industries. It is well known that the improved properties of DPMMCs were based on particle parameters and distribution as well as the matrix microstructure [4] , [5] . According to Deng et al,s researches on 5µm SiCp/AZ91 composite, the precipitate is found to increase with increasing SiC p volume fraction, which results in the improvement of UTS of composite [6] .
The associate editor coordinating the review of this manuscript and approving it for publication was Andrei Muller. Sahoo and Panigrahi [7] studied the combined effect of in-situ particles and precipitates on the tension-compression asymmetricity of AZ91 composites, and the results showed that the particles/precipitates increase the critical stress for twinning by exerting a back stress which hinders the twin propagation, and results in the decrease of tensioncompression asymmetry. Meanwhile, the size of particle played an important role on the microstructure and properties of composite [8] . The nano particles have been used to synthesize the composite due to their lower surface defects. Therefore, the nano particle is an excellent candidate for the composite fabrication. In general, the composite reinforced by a small amount of nano particles exhibited the good overall tensile properties (strength and ductility) [9] . However, the nano particle has higher specific surface energy and specific surface area. For the fabrication of composite, these facts limit the addition amount of nano particles because of the agglomeration of nano particles in the magnesium matrix. It means that the nano particle exhibits a limited improvement in the modulus and the strength.
Recently, the hybrid reinforcements have been proposed to further enhance the mechanical properties of composites. In our previous researches [10] , [11] , the (nano+micron) and (submicron+micron) bimodal size SiC p reinforced Mg composites with good tensile properties were obtained by adding a small amount of fine particles and micron particles. It is considered that the improvement of yield strength of the bimodal size SiCp reinforced magnesium matrix(SiC p /Mg) composite was mainly attributed to the grain refinement, dislocation strengthening, load transfer effect and Orowan strengthening. However, the correlation between deformation and fracture behavior were neglected in the conventional mechanisms, and has been rarely investigated experimentally. For the current bimodal size SiC p /Mg composites with good balance of strength and ductility, it is very necessary to investigate the deformation/fracture behavior for understanding the relationship between particles and microstructure. This would also help to illuminate the deformation/fracture behavior of composite. Moreover, the published researches have reported that the dislocation density increased rapidly in the magnesium alloys after the yielding point during the room temperature (RT) tensile process, which contributes to the high strength value [12] , [13] . In our previous work, the micron particles lead to inhomogeneous deformation and cause dislocation pile-up near particles as well as the formation of twinning away from particles [14] . However, there have been no relevant literatures about the fracture behavior of the (nano+micron) bimodal sized SiC p /Mg composites at present, especially the effect of particle on dislocations after yield point during tensile process.
Accordingly, the purpose of this work is to study the microstructure evolution and fracture characteristic of the bimodal size SiCp/Mg composites during RT tensile process, and then reveal the effect of the bimodal size particles on the dislocation movement. In addition, crack initiation and growth of composites were investigated.
II. EXPERIMENTAL PROCEDURES
The magnesium matrix used in this study was cast ingot of AZ31B Mg alloy (Mg-2.7 wt.% Al-0.8 wt.% Zn that did not contain Mn or Si). The micron (∼1µm) and nano (20 ∼ 60nm) silicon carbide particle (SiC p ) were used as raw reinforcements for the preparation of composite. The nano SiCp were obtained from Kaier nano Company (Hefei, China), and nano SiCp were achieved through a synthetic reaction. It is noteworthy that the nano SiC p with various sizes were successfully fabricated through adjusting reaction time and reactants. There were a number of various sized SiC p (range of 20 ∼ 60nm), also belong to the normal phenomenon. The micron SiC p were obtained from White dove Company (Zhengzhou, China). The 1µm-SiC p was α phase with hexagonal structure, while nano SiC p was β phase with face centered cubic structure. The hybrid composite containing 1 vol. % of β-SiC p and 4 vol. % of α-SiC p was produced via the stir casting technology, as described previously in Ref. [15] , and it was named as (α4 + β1)SiCp/Mg composite. In the present study, we focus on the effect of SiC p size rather than SiC p phase, so the effect of the SiC p phase can be neglected. The as-cast (α4 + β1)SiC p /Mg composite used in the extrusion was homogenized at 400 • C for 12 h and machined to a cylindrical-shaped sample with the dimension of 6 cm in diameter and 5 cm in height. Before the extrusion, the sample was preheated at 350 • C for 0.5 h, and then the billet was extruded with the extrusion ratio of 16:1 and constant RAM speed of 15 mm/s.
The tensile test was performed in an Instron Series 5569 test machine at room temperature with a constant crosshead speed of 0.5 mm/min. Based on the strain-stress curve of the as-extruded (α4 + β1)SiC p /Mg composite (as shown in Fig. 1 ), the yielding stage (0.8%), plastic deformation stage (1.8%) and the breaking stage were selected to analyze the effects of bimodal sized SiC p on the dislocation movement and crack propagation, respectively. At present, the aim of the step-by-step tensile is to observe the microstructure evolution during the RT tensile test. The specific test approach can be found in Ref. [14] . In order to observe the stress concentration-zone during RT tensile test, the specimens for the transmission electron microscopy (TEM) observation were prepared following standard procedure of grinding-polishing (50µm thickness foil) and then punched (3 mm diameter disks) from the center of the elongated (α4 + β1)SiC p /Mg composite. By the way of X-ray diffraction method and Fourier , s polycrystal singleline theory, the dislocation densities of (α4 + β1)SiC p /Mg were determined under different strains. The more detailed measurement method of dislocation density was described in previous report [16] . The scanning electron microscope (SEM) is used to analyze the fracture surface morphologies of the (α4 + β1)SiC p /Mg composite. The measurements of microhardness for samples was used in Vickers microhardness tester(HXD-type 1000) under 0.98 N load for a dwell time of 10 s.
III. RESULTS AND DISCUSSION
The microstructures of the (α4 + β1)SiC p /Mg composite before tensile test are presented in Fig. 2 . The uniform distribution of bimodal sized SiC p can be confirmed in the Fig. 2(a) . The distribution uniformity of particle is a precondition for correct assessment of relationship between bimodal sized SiC p and microstructure evolution. The high density dislocation in the matrix between β-SiCp and α-SiC p can be observed, as shown in Fig. 2(b) . This indicates that the dislocation formation is caused by the difference of coefficient of thermal expansion (CTE) between magnesium matrix and particles during the air cooling after hot extrusion. Moreover, the dislocation generation in the interface is related to the plastic mismatch between the magnesium matrix and SiC p , which is attributed to the accumulative strain introduced by hot extrusion. According to the index of the selected area electron diffraction(SAED) pattern, the nano SiCp is face centered cubic structure of β-phase (as shown in Fig. 2(d) ), while 1µm-SiC p is hexagonal structure of α-phase (as shown in Fig. 2(c) ). Fig. 2(e) displays the a high-resolution TEM(HRTEM) image of the interface between the β-SiCp/Mg. The interface between β-SiCp/Mg is straight, smooth and clean, indicating that there is a relatively good coherency between β-SiCp/Mg. Fig. 3 depicts the micro hardness values of different regions in the (α4 + β1)SiCp/Mg composite. It shows the micro hardness of matrix near SiCp is improved significantly compared to the matrix far away from SiCp. The higher micro hardness of matrix near SiCp can be attributed to following reasons: (1) the decreased grain size of matrix near SiCp as described in our separate work [8] , [10] , would result in the increment of micro hardness according to the grain refinement strengthening. (2) the load applied for soft Mg matrix can be effectively transferred to hard SiCp and render their inherent property of hardness to the matrix near SiCp. (3) the SiCp act as obstacles to the motion of dislocation resulting in the increase of internal stress, which will be helpful for the capacity of load bearing. Fig. 4 shows the TEM microstructure of the 0.8%-elongated (α4 + β1)SiC p /Mg composite. As the strain rises to 0.8%, the dislocation density around α-SiC p increase, and many excessive dislocations accumulate near to the α-SiC p , as shown in Fig. 4(a) . The stress fringe in the vicinity of the interface can be observed, indicating the occurrence of stress concentration due to the serious deformation incompatibility between SiC p and matrix (Fig. 4(b) ). The hard-phase particle can share more tensile load, and the part of load might transferred to the particle during RT tensile. Therefore, the stress easily concentrated in the interface, which may cause the dislocation activation. These dislocations can move to other interfaces and then accumulate at the vicinity of α-SiC p . Moreover, the high-density dislocation, which is presented in the vicinity of β-SiC p and grain boundary, and the comparatively free dislocations appear in Fig. 4(c) . The strength of matrix near SiC p is higher than that of matrix far from SiC p (as shown in Fig. 3 ). The matrix far from SiC p may easily generate the plastic deformation and dislocation activation. Meanwhile, β-SiC p and grain boundary can prevent the dislocation movement. Meanwhile, β-SiC p and grain boundary can prevent the dislocation movement and the dislocation tangles almost disappear at the interface so as to enhance the tensile strength [17] .
The representative dislocation structure in the SiC p /Mg matrix taken under the two beam diffraction condition is shown in Fig. 4(d) . When g vector is 0002, the parallel distributed dislocations present in the grain interior, which indicates that a mass of dislocations are basal dislocations (parallel to the basal plane trace). It has been reported that the basal plane slip was more easily activated by introducing a relatively low critical resolved shear stress during RT tensile [18] . In Fig. 4(d) , the non-basal dislocation can be also observed, and pyramidal < c + a > dislocation traverses between the basal and non basal slip planes. It indicates that the non-basal dislocation substantial increases with the increase of deformation amount. The stress applied in the tensile test and alignment of the slip planes after extrusion resulted in the generation and movement of these non-basal dislocations. The activation of non-basal cross slip allows a minimum of five independent slip systems (three from basal and two from prismatic slip systems) in (α4 + β1)SiC p /Mg composite, which result in the improvement of ductility. This phenomenon has been confirmed by Goh et al. [19] study. The research indicated that the majority of dislocations before tensile deformation in the grain interior have a Burgers vector, and these dislocations were mainly basal dislocations, while most dislocations after tensile deformation were prismatic c and pyramidal <c+a> dislocations. Understandably, the imposed stress during tensile deformation activates non-basal pyramidal and prismatic slips to accommodate the plastic deformation [20] - [22] . The crossslipping of dislocations may is propitious to improve the plasticity of composite. Koike et al. [23] and Koike and Ohyama [24] reported that introduced interface in the Mg materials can serve as potent sources for the activation of non-basal dislocations, resulting in change in the slip system. Similarly, the addition of β-SiCp, which increases the interface amount of SiCp/Mg, can change the localized strain field in Mg matrix, and can act as sources for the non-basal slip. The dislocation in the (α4 + β1)SiCp/Mg composite is easy to movement in contrast to single sized α-SiCp reinforced composite. The slip and cross-slip is free to take place on the independent slip systems, even on the basal planes that are not favorably oriented. The dislocation slip on the different slip planes occurs, and which can assist in development of larger deformation before the material fails. Therefore, plasticity of (α4 + β1)SiCp/Mg composite was increased slightly and possessed excellent strength compared with 5vol.% submicron SiC p reinforced composite [25] . The tensile strengths of single sized SiCp reinforced magnesium matrix composites are listed in Table 1 .
By combining Table 1 and Fig. 1 , this confirms that the double sized SiC p /Mg composite exhibits better comprehensive mechanical properties than the single sized SiC p /Mg composite. The TEM microstructure of the 1.8%-elongated (α4 + β1)SiC p /Mg composite is shown in Fig.5 . In fact, the load applied for soft Mg matrix can be effectively transferred to hard α-SiC p and presence of α-SiC p will be helpful for the capacity of load bearing, which results in the further improvement of tensile strength.
It can also be seen in Fig. 5 (a) that high density dislocation pile-up lies in the zone near α-SiC p . Deformation incompatibility between α-SiCp and matrix alloy would result in the stress concentration around α-SiCp, which may be contributes to the activation of dislocations. Thus, the dislocations can be easily being activated at the interfaces of α-SiC p and matrix. These dislocations will move to the vicinity of β-SiC p , while β-SiC p near α-SiC p hinders the dislocation movement, resulting in the dislocations pile-up around β-SiC p (as shown in Fig. 5(b) ). Compare with zone around α-SiC p , the zone around (α + β)SiC p has a higher dislocation density, revealing that β-SiC p has significant pinning effect on dislocation movement. With the increase of tensile load, the dislocation pile-up will be more obvious, which results in the high dislocation-density around bimodal sized SiCp, and this will lead to the improvement of yield strength. Moreover, with the continuous increase of the tensile load, the plastic deformation will take place in the matrix away from SiC p , and so that then activates the dislocation, as shown in Fig. 5(c) . From the observation of the dislocations in Fig. 5(b) , it can be deduced that the grain boundary is beneficial to hinder dislocation movement, thus causing the generation of high density dislocations around the grain boundary. Meanwhile, interface-amount of (α4 + β1)SiC p /Mg composite is higher than that of the single sized micron (∼1µm 5%) or nano (∼60nm 1%) SiC p reinforced composite, which results in the increase of load transfer effect. Therefore, these reasons will be conducive to the increase of materials strength [30] . Dislocation densities of the (α4 + β1)SiCp/Mg composite under various strain are shown in Fig. 6 . It can FIGURE 7. The TEM microstructure of (α4 + β1)SiC p /Mg composite after tensile test, (a) the TEM bright field images near (α + β)SiC p , (b) high magnification of (a) shows high density dislocation, (c) high density dislocation near β-SiC p , (d) negative direction observation of (c), (e) high density dislocation around grain boundary, (f) twinning with high density dislocation.
be found that the dislocation densities increase remarkably from 10 2.7 /cm 2 to 10 9.4 /cm 2 as the strain goes up. Fig. 7 shows the TEM microstructure of the 2.6%-elongated (α4 + β1)SiC p /Mg composite. It can be observed that the dislocation density around α-SiC p significantly increased, and the dislocation-tangle phenomenon is also very serious, as shown in Fig 7(a) and (b) . By comparing with the images of Figs. 7(c) and (d), it can be found that β-SiC p exists inside the grain with high density dislocation, and the dislocation pilingup around β-SiC p can be also seen. The α-SiC p will be able to rotate along the tensile-axis, while β-SiC p oriented along the matrix deformation-direction are flowing in the RT tensile state. During the tensile test, since the α-SiC p carries a significant fraction of the load, the stress concentration increases, which leads to the massive dislocation-activation. The β-SiC p near α-SiC p and grain boundary will further hinder these dislocation-movement, thus increasing the dislocation accumulation of matrix near α-SiC p . Fig. 7(e) shows high density dislocation in the region near grain boundary. With the increase of tensile strain, the misorientation of the grain boundaries increased. This results in a large difference in the slip directions of two adjacent grains, so the dislocation will be blocked at the interface between two adjacent grains. Moreover, the tensile twinning with high density dislocation near α-SiC p can be also found, as shown in Fig. 7(f) . It has been reported that deformation twinning of the {1012} <1011> type formed in the late stages of tensile deformation [31] . Previous studies by our laboratory showed that the twin shear was activated due to the stress concentration in grains, so the twins remarkably increased [12] , [15] , [32] . The twinning was also identified as an additional deformation mode. It is generally accepted that the tensile twins always occurs and results in 86.3 • rotation of the c-axis when there is a tension along the c-axis of most grains or a compress perpendicular to the c-axes. In order to coordinate the deformation incompatibility between SiC p and magnesium matrix, the tensile twinning will generate in the vicinity of α-SiC p . In fact, the twinning is determined to be a necessary deformation mechanism for the homogeneous deformation in hcp metals. The similar deformation behavior is also observed in the fine-grained AZ31B magnesium alloys during room temperature deformation process [23] . The microcracks appear in the zone of α-SiCp tip rather than the interface between β-SiCp and matrix, as shown in Fig. 8 . Compared with α-SiCp, the surface defects of β-SiCp are lower. Moreover, the β-SiC p are moved with the matrix during the tensile test, while α-SiCp rotated. Namely, the hindering effect of β-SiC p on the plastic deformation is weaker than that of α-SiC p . Therefore, the stress cterface near α-SiC p increases with increasing tensile load. When the applied stress exceeds the bonding force between particles/matrix, the zone between the α-SiC p and matrix will form microcracks. The fractured surfaces (parallel to tensile axial) of the (α4 + β1)SiC p /Mg composite are shown in Fig. 9 . According to the above analyses, the stress concentration more easily presented in the matrix near α-SiC p under the tensile test.
When the concentrated stress is beyond bonding strength between SiC p and matrix, the cracks will be initiated at the interface between α-SiC p and matrix. These cracks started to propagate along the weak interface, as shown in Figs. 9(a) and (b) . The stress concentration will continue to occur at the crack tip, resulting in the increase of the crack VOLUME 7, 2019 extending zone. Meanwhile, the vicinity of α-SiC p in the front of crack tip will produce a new microcrack. It can also see from Fig. 9(c) that the crack extends preferentially at the tip and the rich zone of α-SiC p , and then it will propagate rapidly and merge to another crack, resulting in the materials fracture. Moreover, the crack will deflect because the existence of fine particle (β-SiC p ) (as shown in Fig. 9(b) ), which will absorb more amount of fracture work improve the crack tolerance greatly, and so the the fracture toughness increases. Meanwhile, the crack bifurcation results in crack-tip blunting during tensile process (marked with blue arrows in Fig. 9(b) ). Stress concentration caused by crack-tip blunting effect decreases markedly, which contributing to further enhance the performance of the composite. Fig. 10 shows the fractured surfaces (perpendicular to tensile axial) of the (α4 + β1)SiC p /Mg composite. The microcracks have also appeared on some zones of fracture surface (arrow marked in Fig. 10) , which confirms the observation-results obtained by Figs. 8 and 9 .
Based on microstructure investigation and discussion above, the addition of (α4 + β1)SiC p leads to the inhomogeneous deformation of magnesium matrix and causes the stress concentration in the vicinity of the interface. The concentrated stress is closely related to SiC p size and interspace between two particles. By analyzing the plane strain compression of a block between two elastic platens and applying the standard force balance with sticking friction at the interface, the developed maximum stress, σ Max , in the AZ31B matrix was estimated from the following relation [33] , [34] :
where σ M , b, λ are the matrix flow stress, the particle size and the interspace between two particles, respectively. The relationship curves between SiC p interspace and σ Max /σ M are presented in Fig. 11 . The relationship curves indicate that the particle size and the interspace have a significant effect on the development of σ Max in matrix. The bearable stress of smaller interspace SiC p is larger than that of the larger interspace SiC p when particle size is same. Meanwhile, the bearable stress of larger sized SiC p is relatively larger when compared with smaller sized SiC p under the same interspace condition. So the stress concentration is also found to be more prevalent in the vicinity of α-SiC p due to the load transfer from the matrix to α-SiC p , which makes the plastic deformation more difficult and thus leads to improving the strength of composite. This also indicates that the good particle distribution and small interspace are contributed to further enhance the performance of the composite.
IV. CONCLUSIONS
In this work, the effects of (α4 + β1)SiC p on the microstructure evolution mechanism and fracture characteristics of magnesium matrix composite during room temperature tensile process were studied, and the following results were obtained: 1) During the tensile test, the presence of α-SiC p could assist in the dislocation-generation due to the inhomogeneous deformation of matrix and the stress concentration. However, the hindrance effect of the dislocation movement (owing to the addition of β-SiC p ) has resulted in the increase of dislocation density in the vicinity of β-SiC p .
2) The addition of (α4 + β1)SiC p introduced more interfaces, which improves load transfer and the strengthening effect from the SiC p .
3) The inhomogeneity of deformation as a result of introduction of micron SiC p increased with increasing the tensile strain, thus the matrix near the end of some micron particles is prone to large stress concentration, which can induce the generation of crack-source. When the matrix exhibits larger stress, the microcracks prefer to be initiated near the interface of α-SiC p /matrix rather than that near interface of β-SiC p /matrix. This can be attributed to the smaller stress concentration and the higher interface bonding strength in the β-SiC p /matrix vicinity. 4) A continuous increase on the applied load not only caused the microcrack propagation but also activated new microcracks in the vicinity of α-SiC p /matrix interface. However, the spherical β-SiC p can hinder the microcrack propagation and change the propagation direction of the main cracks, which improved the ductility of the composite.
